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THE BJORK-SHILEY TILTING AORTIC PROS-THESIS has been in clinical use since January 1969.1 Its major advantages are 1) low pressure drop,2 2) low level of hemolysis,3, 43) low profile2' 5 and 4) structural durability. The majority of patients achieve significant functional improvement after replacement of their aortic valves with this prosthesis.
As shown in figure 1 , the valve creates two regions of unequal flow. In the past few years several reports6 15 have described massive thrombosis with the use of this valve, especially in patients who were not receiving anticoagulation therapy. A ring-shaped radiopaque marker has recently been incorporated into the disc to assist in diagnosing this problem.'1 In this present work thrombus formation was also observed along with tissue overgrowth around the perimeter of the minor outflow region, which further reduced the flow in this area.
The present article reports two studies: 1) clinical pathology findings of recovered Bj.ork-Shiley aortic prostheses and 2) in vitro measurements of velocities in the near vicinity of a normally functioning and a partially occluded dergone valve replacement ranging from six to 33 months earlier. There were no Bj6rk-Shiley aortic valves implanted one to five months available for examination. Table 1 summarizes the autopsy or surgical pathologic findings of the nine patients whose valves had been implanted for six months or longer. 
In Vitro Velocity Studies
In vitro velocity measurements were made in the near vicinity of a #27 Bjork-Shiley valve under steady flow conditions. The velocity measurements were made using a laser-Doppler anemometer system in the dual beam, forward-scatter mode.16-le Laser-Doppler anemometry is a relatively new technique for making accurate velocity measurements. Therefore, a brief description of the laser-Doppler anemometer and the Mild TO adjacent to minor OF region. 4 12 mo Thin layer of thrombus on aortic face of disc. CHF. Ventricular arrhythmia.
Mild TO adjacent to minor OF region. flow apparatus, together with a summary of the general principles of laser-Doppler anemometry, is given in the next sections.
Laser-Doppler Flow Apparatus
The flow apparatus consists of the following: 1) immersible centrifugal pump (Little Giant), 2) entrance section, 3) flow channel, 4) rotameter (Brooks 10-110) and 5) needle valve. The centrifugal pump is immersed in a bucket containing the liquid used in the experiment. The outlet of the pump is connected to the entrance section by a 1,675 mm length of 25.4 mm in diameter rubber hosing. The entrance section consists of a 1,370 mm length of 25.4 mm in diameter Lucite tubing. This Lucite tube is coupled to the flow channel and held in place by a Lucite collar. The entrance section ensures that the flow entering the flow channel has reached a steady state (i.e., entrance effects are not present). The valve was tested in a flow chamber which modeled the root of the ascending aorta, the sinus of Valsalva and the ascending aorta. The flow chamber was built to accept a prosthetic aortic valve with a sewing ring (tissue-annulus) diameter of 27 mm. The blood analog fluid used was 6%o (by weight) Pluracol Polyol V-l0 (Wyandotte Chemicals) in water. It had a viscosity of 3.5 cp at 32°C.
Laser-Doppler Anemometer (LDA)
The laser-Doppler system consists of a 15 mW Helium-Neon laser (Spectra Physics 124A), a beam splitter and modulator section (DISA 55L83), a beam separator, a lens and mounting section (DISA 55L87), a photomultiplier tube (DISA 55L12), a laser-Doppler anemometer control unit (DISA 55L70) and a frequency tracker (TSI 1090). The frequency response of the laser-Doppler anemometer system is at least on the order of 106 Hz. A more detailed description of the laser-Doppler anemometer and its operation has been published elsewhere.'8
General Principle and Theory of Operation of the Laser-Doppler Anemometer
When a laser beam is passed through a flowing fluid, light is scattered by the particles suspended in the fluid. The scattered light suffers a frequency shift which has to be interpreted by electro-optic techniques to obtain information on the velocity of the fluid. This shift in frequency is known as the Doppler effect. This method of velocity measurement therefore requires that the flow medium be translucent and contain particles which scatter light.
The frequency relationship between a forward scattered light wave and the incident light wave is given by the vector equation: 
The laser-Doppler anemometer uses two incident beams where the beam intersection forms the point of measurement in the flow. Figure 3 shows a photograph of the two laser beams crossing in a circular channel. The scattered light is collected by a photomultiplier. When two intersecting beams are used, the component of a local-flow velocity, which is normal to the bisector of the beam intersection angle 6 and parallel to the beam plane, is related to the Doppler frequency by the equation: 
with df = X/(2 sin 0/2) with units of m/sec/MHz It can be seen from equation (4) that the Doppler frequency is directly proportional to the velocity. The constant of proportionality is a direct function of the wavelength of the laser and the optical arrangement used in the experiment. The laser-Doppler anemometer measures the Doppler frequency fD and equation (4) is used to calculate the local velocity V at a given location in the fluid. The constant of proportionality df for the optical arrangement used in this study was 1.925 m/sec/MHz.
Velocity Measurements
The aortic flow channel was mounted on a milling table which had three degrees of freedom. Therefore, the flow channel could be moved in three independent directions, x, y and z. Distance travelled in each direction from a fixed origin was accurately determined by use of micrometer dial indicators which read to within 0.025 mm (0.001"). In order to obtain the velocity at some position x,, y1, z, in the aortic flow chamber, the traversing mechanism was adjusted so that the measuring volume (i.e., volume created by the two intersecting laser beams) coincided with that position. Cornstarch particles 10 ,um in diameter were suspended in the blood analog fluid to scatter the laser light. 
Results

Clinical Pathology Results
Varying amounts of thrombus formation were observed in the depression in the aortic face of the disc and/or on the hinge mechanism of all nine recovered valves. The amounts of thrombus formation varied from nearly total thrombotic occlusion, as shown by Figure 6 shows two axial velocity profiles measured immediately downstream from the normally functioning valve. The location of measurement was 12.2 mm downstream from the aortic side of the sewing ring. The edge of the fully open disc was about 11 mm downstream from the aortic side of the sewing ring. The velocity profiles in figure 6 show a large stagnation zone (region of zero velocity) immediately downstream from the fully open disc. The stagnation zone was approximately 20 mm wide across the aortic face of the disc. Figure 7 shows velocity profiles measured in the major and minor outflow regions of the normally functioning Bjdrk-Shiley valve. These two profiles were measured about 3 mm downstream from the aortic side of the sewing ring, and about 8 mm on either side of diameter a of the valve. The average velocities in the major and minor outflow regions were about 100 cm/sec and 25 cm/sec, respectively. Figures 8 and 9 show velocity profiles obtained immediately downstream from the partially occluded valve. The locations of measurement were identical to those used with the normal valve. Figure 8 indicates that the width of the stagnation zone across the aortic face of the disc has increased. The stagnation zone downstream from the partially occluded valve was about 25 mm in width. In addition, the velocity measurements indicated that the stagnation zone spread as far downstream as 25 mm from the aortic side of the sewing ring. Figure 9 indicates that the flow in the major outflow region increased compared to the experiments conducted with the nonoccluded valve ( fig. 7) . The average velocities in the major and minor outflow regions of the partially occluded vale were approximately 225 cm/sec and 12 cm/sec, respectively.
Discussion
The in vitro fluid mechanic studies performed with the Bjdrk-Shiley aortic valve have until now focused on the pressure-drops across this prosthesis and on the flow patterns around it. Flow visualization experiments yield only qualitative, not quantitative, information. At present, the most important information required is the detailed velocity and shear stress measurements in the near vicinity of the Bj6rk-Shiley and other aortic prostheses. Laser-Doppler anemometry is an ideal technique for making such measurements. As stated previously, it is a relatively new technique which has major applications in the field of prosthetic valve fluid dynamics as well as other areas of biomedical fluid mechanics (e.g., the fluid mechanics of atherosclerosis). The laser-Doppler anemometer is superior to the hot-film/wire anemometer because it 1) requires no probes in the flow channel, 2) requires no calibration whatsoever, 3) has a higher signal-to-noise ratio, 4) has a higher frequency response and 5) can distinguish between positive and negative flow directions.
It is well-known that areas of stagnation encourage thrombus formation. Although flow visualization literature. In order to compare the fluid dynamic characteristics of prosthetic heart valves, such quantitative measurements are essential.
We believe that the zone of stagnation in the near vicinity of the aortic face of the Bj6rk-Shiley disc encourages the formation of thrombi in and around the depression on the aortic face and/or on the hinge mechanism of the disc. The degree to which thrombus formation occurs is probably related to the adequacy of anticoagulant therapy and the size of the stagnation zone. The size of the stagnation zone was observed to be relatively constant over a flow rate range of 167 cm3/sec (10 I/min)-417 cm3/sec (25 I/min). A steady flow rate of 10 I/min is equivalent to the peak systolic flow rate at a cardiac output of about 2.0-2.5 1/min. Velocity measurements in the major outflow region indicated that the peak shear stresses on the sewing ring adjacent to that region were about 700 dynes/cm2. Peak shear stresses on the portion of the sewing ring adjacent to the minor outflow region were about 150 dynes/cm2. Fry'9' 20 observed that endothelial cells were damaged and eroded off at shear stresses on the order of 400-950 dynes/cm2. Because the estimated shear stresses on the portion of the sewing ring adjacent to the minor outflow region are well below the value of 400 dynes/cm2, endothelial cell buildup is not sufficiently inhibited. In contrast, shear stresses on the portion of the sewing ring adjacent to the major outflow region (about 700 dynes/cm2) are on the order of the critical values observed by Fry prevent the formation of tissue overgrowth on that portion of the sewing ring. Even at a low flow rate of 167 cm3/sec (10 1/min), the shear stresses on the portion of the sewing ring adjacent to the major outflow region were large enough to retard tissue overgrowth in that region.
The experiments conducted with the partially occluded valve suggest that the size of the stagnation zone increased compared to the nonoccluded valve. In addition, while the peak-shear stresses on the portion of the sewing ring adjacent to the major outflow region increased, they decreased in the minor outflow region. These results suggest that once thrombus formation, tissue overgrowth or both processes begin to occlude the minor outflow region, both processes will escalate.
We conclude that the presence and locations of thrombus formation and excessive tissue overgrowth observed on the recovered Bjork-Shiley aortic prostheses are inherent to the fluid mechanical design of the valve. All prosthetic aortic valves are liable to tissue overgrowth and thrombus formation. Therefore, the correlative studies described in this article should be extended to other heart valve prostheses to determine if identified regions of stagnation and low flow predict locations of thrombus formation and tissue overgrowth. Such studies would be very helpful in improving future prosthetic valve design.
